Important mechanisms in muscle contraction have recently been reevaluated based on analyses that rely on the assumption of linear myofilament elasticity. However, the present theoretical study shows that nonlinearity of this elasticity, even when so minor that it may be difficult to detect in experimental data, could have great impact on the interpretation of muscle mechanical experiments. This is illustrated by using simulated stiffness and strain-versus-force data for muscle fibers shortening at different constant velocities. There is substantial quantitative agreement, for this condition, between models with distributed myofilament compliance and models where the compliance of the myofilaments and the actomyosin cross-bridges are lumped together into two separate elastic elements acting in series. The data thus support the usefulness of the latter, simpler, type of model in the analysis. However, most importantly, the data emphasize the importance of caution before reevaluating fundamental mechanisms of muscle contraction based on analyses relying on the assumption of linear myofilament elasticity.
INTRODUCTION
Muscle force development results from strain in elastic elements of actomyosin cross-bridges (1) (2) (3) (4) secondary to structural changes associated with different steps in the ATP turnover at the myosin active site. Because the crossbridges in the half-sarcomere (the contractile unit of muscle; Fig. 1 A) act in parallel, the longitudinal stiffness of a muscle fiber increases with the number of attached cross-bridges while the strain of the half-sarcomere elasticity increases with the average cross-bridge strain. Because early evidence (3) suggested that the compliance (inverse of stiffness) of the thin and thick filaments ( Fig. 1 ; the myofilaments) is very low, the fiber stiffness was, in experiments up until the mid-1990s, believed to be directly proportional to the number of attached cross-bridges. Moreover, along similar lines, the strain of the half-sarcomere was thought to directly report the average cross-bridge strain. These ideas were, however, challenged by evidence (5) (6) (7) (8) (9) (10) (11) that the myofilaments are quite extensible (see Fig. 1 , B and C), prompting reinterpretation of a number of experimental results. A recent study (12) has, for instance, suggested reevaluation of the mechanism for the relationship between the applied load on a muscle fiber and the steady-state shortening velocity against this load (the force-velocity relationship (13, 14) ; see Fig. 2 A) . Additionally, the mechanisms for effects of inorganic phosphate on muscle force (15) and for resistance to stretch during lengthening contractions (16, 17) have been reconsidered as well as certain aspects of the tension response to rapid length steps (the tension transients) (18, 19) . In the analyses that form the basis for these reevaluations (12, 15, 16, 19) , filament compliance was assumed linear (Hookean) with strain directly propor-tional to tension. In contrast, some experimental results (6, (20) (21) (22) (23) suggest more or less marked nonlinearities of the filament compliance. This evidence for nonlinearities involves lower muscle fiber stiffness at low tension-similar to the type of nonlinearity previously demonstrated in tendons (24) , another hierarchically structured biological material. To our knowledge, the impact of small nonlinearities of this type on the interpretation of experimental data in muscle mechanics, e.g., force-stiffness and force-strain relationships, has not been investigated, despite the potentially critical significance. Such investigations are undertaken here for the situation with muscle shortening against different constant loads. This case is of particular interest due to its fundamental importance for validating models of muscle contraction (11, (25) (26) (27) (28) (29) . Additionally, there are conflicting reports ( Fig. 2 B; purple) (12,23) about the shape of the relationship between force and the number of attached cross-bridges under these conditions.
The analysis below shows that the assumption of linearity of the filament elasticity, if this is in reality nonlinear, may introduce significant errors in the interpretation of muscle mechanical data, e.g., the relationship between force and the number of attached cross-bridges during shortening at constant velocity. This applies even if the nonlinearities are of a magnitude that is barely detectable in a number of experimental studies-emphasizing the importance of using caution in reinterpreting any experimental data from analysis that relies on the assumption of linear myofilament compliance.
THEORY AND METHODS
The rationale of the study can be summarized as follows: First, the properties of the half-sarcomere elasticity (filaments and cross-bridges; Fig. 1 ) are simulated for the case of steady shortening at different velocities. This is done on the basis of a well-defined assumed relation between number of attached cross-bridges and tension in the muscle fiber and for various degrees of assumed nonlinearity of the myofilament elasticity (Fig. 2 , B and C). Next, the inverse operation is performed, i.e., the number of attached cross-bridges and their average strain is calculated from the simulated data but now with the assumption of a linear filament elasticity, as in recent studies (e.g., (12) ). The results demonstrate how the assumption of linear myofilament compliance affects the interpretation of muscle mechanical data obtained during steady-state shortening if the myofilament compliance, in reality, exhibits different degrees of nonlinearities.
In all calculations, the myofilament and cross-bridge elasticity are assumed to be lumped ( Fig. 1 B) into two elastic elements acting in series. It is shown in the Supporting Material that this assumption (under the present conditions) gives virtually identical results as calculations explicitly incorporating the distributed nature ( Fig. 1 C) of the filament and crossbridge compliance (3, 30) . Although either the distributed or the lumped model could be used interchangeably, the conceptually simpler lumped model was chosen for practical reasons. In this model, the stiffness of the half-sarcomere (S hs ), over the fiber cross-section, is attributed to the stiffness ( Fig. 1 B) of the corresponding cross-bridge ensemble (S cb ) and myofilaments (S f ) according to
This applies at each given tension level, T, between zero and the maximum isometric tension, T 0 . The argument T/T 0 has, however, been omitted for clarity in Eq. 1, i.e.,
S f hS f ðT=T 0 Þ; S cb hS cb ðT=T 0 Þ and S hs hS hs ðT=T 0 Þ:
Whereas the individual cross-bridge is assumed to exhibit Hookean elasticity, the number of attached cross-bridges is assumed to vary with force (tension in half-sarcomere over fiber cross-section) during steady-state shortening according to a recent model (29) . Further, each steady-state force level (T/T 0 ) is associated with a unique steady-state velocity in the model ( Fig. 2 A) with a continuous increase in shortening velocity with reduction in force. It can be seen in Fig. 2 A that the theoretical data are in good quantitative agreement with the experimental force-velocity relationship (14) . Because the cross-bridges act in parallel within the halfsarcomere, the force-stiffness relationship for the cross-bridge ensemble (S cb (T/T 0 )) reflects the number of attached cross-bridges (black line in Fig. 2 B) . This relationship, based on the model (29) , will, in the following, be denoted the true force-stiffness relationship for the cross-bridge ensemble during shortening at different constant velocities. It is important to stress that the validity of this analysis does not rely on the use of a specific model (29) to derive the number of attached crossbridges versus force. Indeed, any arbitrary, but well-defined, relationship for the true number of attached cross-bridges versus T/T 0 could be used to simulate the properties of the contractile system and thus illustrate the critical importance of the myofilament characteristics, as we have done. Because a unique relationship has not been obtained in experiments (see purple symbols in Fig. 2 B) , it seems reasonable to use a relationship from a model (like (29) ) that accounts very well for a range of other experimental findings.
The strain of the filament elasticity at the maximum isometric force, T 0 , in the simulations was set to 3 nm (12), to be consistent with a total halfsarcomere strain of 5.3 nm at T 0 . The assumed subdivision of the halfsarcomere strain at T 0 , between cross-bridges (~2 nm; 2.3 nm according to model (29) ) and filaments (~3 nm), is approximately consistent with experiments (5, 6, 12) . Simple forms of nonlinearities for the myofilament elasticity ( Fig. 2 B) It is clear from the vertical dashed lines that the half-sarcomere strain has contributions from extension of the nonoverlap regions of the thick and thin filaments and the series' connected overlap region. The contribution from the latter region includes extension of the thin filaments and shift of the thin filament relative to the thick filament. The latter shift includes that attributed to the average strain in the actomyosin cross-bridges (indicated by tilted left and right ends of overlap region). Note that, during isometric force-development, the sarcomeres are naturally not extended, but maintain a constant length by sliding of the thick and thin filaments relative each other, to compensate for the extension of filaments. Note also that this compensatory shortening is not illustrated here, and that the degree of extension of the cross-bridge and filament elasticity depicted is not to scale, but instead, greatly exaggerated.
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where S f is the myofilament stiffness at the relative tension T/T 0 . Further, S f max is the myofilament stiffness at T ¼ T 0 . This parameter is expressed in units of T 0 nm À1 or just nm À1 , if tension is normalized (T/T 0 ) and hence dimensionless. The nonlinearity parameter m, in Eq. 2, is the intercept on the ordinate for the relationship between normalized myofilament stiffness (S f / S f max ) and normalized force (T/T 0 ) (colored lines in Fig. 2 B) . If m < 1, it means that stiffness is reduced with reduced tension.
The myofilament strain (l f ; Fig. 2 C) at a given relative force level, T/T 0 , was derived by integrating filament compliance (1/(S f (T/T 0 )) from zero force to the relative force level
The half-sarcomere strain (l hs (T/T 0 )) was now derived simply by summing the filament strain (l f (T/T 0 ) according to Eqs. 3 and 4 and the cross-bridge strain (l cb (T/T 0 )) according to the model (29) . The latter relationship corresponds to the true force-strain relationship for the cross-bridges in this analysis. When force-stiffness and force-strain relationships of the halfsarcomere had been simulated with different degrees of nonlinearity of the myofilament elasticity, the inverse operations were performed on these relationships to obtain force-strain and force-stiffness relationships of the cross-bridges on the assumption of a Hookean filament elasticity (12, 15, 17, 31) . Calculated force-stiffness relations for the cross-bridge ensemble on this assumption were obtained from the simulated half-sarcomere relationships by solving for S cb in Eq. 1 with S f ¼ S f max ¼ 0.33 T 0 /nm (Table 1 (12) ).
The force-strain relationship for the cross-bridges on the assumption of linear myofilament elasticity was obtained by an approach similar to that in Piazzesi et al. (12) .
Analyses of models with distributed filament and cross-bridge compliance involved the solution of a set of ordinary, nonlinear differential equations (Supporting Material). If not otherwise stated in the Supporting Material, the solutions were obtained numerically, using the fourth-order Runge-Kutta-Fehlberg method, implemented in SIMNON (Ver. 1.3; SSPA, Gothenburg, Sweden). Regression analysis was performed using GraphPad Prism (Ver. 5.0; GraphPad Software, San Diego, CA).
RESULTS AND DISCUSSION
The results below all refer to the behavior of muscle fibers shortening against constant load. That is, all results describe properties (e.g., force-stiffness and force-strain relationships) for steady-state conditions, with time-invariant cross-bridge distributions and constant tension in the muscle. This contrasts with, for instance, the situation during the (29)). (C) Force-strain relationships for cross-bridges according to model (29) (black line) and for myofilaments (from Eqs. 3 and 4) with normalized force-stiffness relationships as in panel B (same color codes) and stiffness magnitudes as in Table 1 . onset of an isometric tetanus, with net cross-bridge attachment and increasing tension with time. Accordingly, the force-stiffness and force-strain relationships (27, 32) as well as the number of attached cross-bridges versus force (12, 15, 23) differ in several important respects during shortening and during the rise of an isometric tetanus and also report different underlying mechanisms. Our focus on steady-state shortening was dictated by reasons given above (Introduction). However, importantly, the time invariance due to the steady-state conditions also simplifies the analysis.
For practical reasons, the stiffness and strain during steady-state shortening are given below as function of relative tension (force) in the fiber (T/T 0 ) rather than as a function of the shortening velocity. However, it is important to emphasize that the force-velocity relationship (Fig. 2 A) provides a unique relationship between T/T 0 and shortening velocity.
Linear and nonlinear myofilament elasticity with the force-stiffness relationships in Fig. 2 B (Eq. 2) were tested. The myofilament force-strain relationships (Eqs. 3 and 4) corresponding to these force-stiffness data are illustrated in Fig. 2 C together with the assumed relationship between T/T 0 and average cross-bridge strain during shortening at different constant velocities (from (29); see above). Simulated half-sarcomere force-stiffness and force-strain relationships, due to the cross-bridge and myofilament elasticity acting in series, are illustrated in Fig. 3, A and B (see further  below) .
It is shown in the Supporting Material that these relationships superimpose almost completely on similar relationships calculated by taking into account the distributed nature of the filament and cross-bridge compliance in the overlap zone. This extends analyses of a type previously only performed in detail for the case with linear myofilament elasticity ( (3, 30, (33) (34) (35) ; but see (34) ). While also limited to the case of linear myofilament elasticity, the modeling of distributed filament compliance during the tetanus rise by Mijailovich et al. (30) took into account effects of crossbridge cycling using the two-state model of Huxley (25) . This adds local active displacement effects and viscouslike behavior (see also (36) ) to the continuum elasticity representation of the cross-bridge overlap zone (3) . An analysis of this type is beyond the scope of this study. However, similar results would be expected (30) , as in the type of model (3, 36) for distributed filament compliance used here (Supporting Material). Moreover, importantly, this analysis is in general conformance (see (12, 31) ) with the procedures employed in recent fundamental experimental studies (12, 15, 16, 19) , in line with the focus of this work.
A nonlinearity of the myofilament compliance, with the force-stiffness relationships in Fig. 2 B, can be seen also in the force-strain relationships, particularly for m ¼ 0.3 (blue in Fig. 2 C) . However, linear regression of strain upon force for T > 50% T 0 (a tension range frequently studied experimentally; e.g., (12, 14) ), gave a coefficient of determination of r 2 > 0.996 (Table 1) if m R 0.3. Thus, considering experimental variability (see force-strain curves for rigor fibers in (12) ) and other uncertainties (e.g., whether stiffness of active and rigor cross-bridges is identical (37)), it seems highly challenging to exclude nonlinearities corresponding to 0.3 % m <1 on basis of force-strain relationships, e.g., from experiments on rigor fibers. Also, the Fig. 2 B) Number of attached cross-bridges versus T/T 0 according to model (29) . (Colored lines) Simulated half-sarcomere stiffness, calculated as described in text, on the assumption of different degrees of nonlinearity of the myofilament compliance (as indicated by colored lines in Fig. 2 B) . (Solid colored circles) Number of attached cross-bridges estimated from the simulated half-sarcomere stiffness (colored lines) on the assumption of linear filament elasticity. (B) Force-strain relationships of cross-bridges (29) (black line; same as black line in Fig. 2 C) , myofilaments (blue and orange curved lines; same as in Fig. 2 C) , and the simulated forcestrain relationship of the half-sarcomere (triangles) obtained by adding cross-bridge and filament strain at certain tension levels. (Solid straight lines) Data obtained by regression analysis (at T/T 0 > 0.5) and then shifted to insert vertical axis at zero strain (dashed lines). (C) Force-strain data for cross-bridges according to model (29) (black line; same as in B) and estimated (solid circles) from simulated half-sarcomere data (triangles in B) on the assumption of linear filament elasticity as described in text (note that color-coding is the same as described in Fig. 2 ).
Biophysical Journal 99(6) 1869-1875 results of other types of muscle mechanical experiments (22) have been suggested to be compatible with either nonlinear (22) or linear (38) myofilament compliance. Finally, it seems very challenging to use x-ray diffraction data (5, 6) to conclusively corroborate linearity of the filament elasticity, not the least because there are complicating factors that might affect the spacing changes used for estimation of filament extension (11, 12, 39, 40) . In summary, the arguments in this paragraph strongly suggest that small nonlinearities of the myofilament elasticity may be very difficult to detect. After simulation of force-stiffness and force-strain data of the half-sarcomere (Fig. 3, A and B) we considered the effect of neglecting the small nonlinearities (0.3 % m <1) when analyzing the simulated data (corresponding to observed fiber data in experiments). The simulated force-stiffness relationships of the half-sarcomere, for different degrees of nonlinearity of the myofilament compliance, are shown in Fig. 3 A (solid colored lines) . Whereas the shapes of the force-stiffness relationships of the filaments, as a basis for the calculations of the half-sarcomere stiffness, are defined in Fig. 2 B, the magnitude of the myofilament stiffness at T 0 (S f max ) varied in the calculations as indicated in Table 1 . By this approach, the total strain of the myofilament elasticity at T 0 was kept at 3 nm (Table 1 ) for all the different shapes ( Fig. 2 C) of the myofilament force-strain relationship. Despite this fact, it can be seen in Fig. 3 A that the simulated force-stiffness plots of the half-sarcomere (solid colored lines) vary appreciably, demonstrating the substantial impact of small nonlinearities of the myofilament compliance.
Force-strain relationships of the half-sarcomere ( Fig. 3 B,  triangles) , simulated on basis of nonlinear myofilament compliance and cross-bridge force-strain relationships from the model (29) , are quite similar (considering experimental variability) to those found in experiments (12, 14, 34) . As described above, these simulated force-strain relationships were obtained by adding the strain level for the cross-bridge ensemble ( Fig. 3 B, black curve) to that for the myofilaments (curved blue and orange lines in Fig. 3 B) at each given tension level. Clearly, in accordance with experimental data (12) , the simulated force-strain relationships for the half-sarcomere appear linear at T/T 0 > 0.5 (straight lines in Fig. 3 B; r 2 > 0.993). Now, cross-bridge properties were derived from the simulated half-sarcomere data in Fig. 3 A (colored lines) and Fig. 3 B (triangles) on the assumption of a linear myofilament elasticity. In this analysis, the number of attached cross-bridges for different tension levels was obtained from S hs (T/T 0 ) by solving for S cb (T/T 0 ) in Eq. 1 on the assumption that myofilament stiffness, S f , is constant, independent of the degree of nonlinearity assumed when simulating the half-sarcomere force-stiffness relationships (see above). Naturally, this procedure led to the true force-stiffness relationship for the cross-bridges ( Fig. 3 A; solid green circles) only for the case where the filament elasticity was linear in the initial simulation of the half-sarcomere stiffness (green line). In the other cases, simulated with nonlinear filament elasticity ( Fig. 3 A; orange and blue lines), the assumption of linear filament elasticity suggested a larger drop in the number of attached cross-bridges (orange and blue circles) with reduced force than in the underlying true relationship (black line). Next, an estimate of the true force-strain relationship for the cross-bridges was obtained from simulated force-strain relationships of the half-sarcomere (triangles in Fig. 3 B) by using a procedure similar to that in recent experimental work (12) . First, the slope of the apparently linear part of the simulated half-sarcomere relationship (for T/T 0 > 0.5) was assumed to represent the constant compliance of the myofilament elasticity (see (12) ), because it is in a reasonable range (5, 6) . A line through the origin with this slope (dashed lines in Fig. 3  B) was then, for each case (orange and blue), subtracted from the simulated half-sarcomere force-strain relationships (as in (12)). It can be seen in Fig. 3 C that this procedure (assuming linear filament elasticity) gives force-strain relationships (solid circles) for the cross-bridges that differ appreciably from the underlying true relationship (black line).
CONCLUSIONS
The conclusion, as a result of incorrectly applying the assumption of linear filament compliance, as done above, would be that the reduction in force with increased velocity of shortening (for T/T 0 > 0.5) is attributable to a reduced number of attached cross-bridges (blue or orange circles in Fig. 3 A) without appreciable change in the average force per cross-bridge (circles in Fig. 3 C) . Whereas this conclusion is similar to that reached in recent analysis following an approach similar to that used here (12) it is not consistent with the underlying true relationships in this work (black lines in Fig. 3) . Indeed, the assumption of linear filament elasticity in the analysis led to qualitatively erroneous conclusions. Interestingly, these conclusions also differ from predictions of earlier models (25) and from results of experimental work (23) where the interpretation of the data was not believed to be influenced by the myofilament characteristics.
In summary, the present results demonstrate that 1. The myofilament elasticity may be simulated as a lumped series elastic element even if it is nonlinear. 2. It is unlikely that small nonlinearities of the myofilament elasticity would be detectable in experimental data. 3. These small nonlinearities could, nevertheless, have significant impact on the interpretation of muscle mechanical experiments in terms of cross-bridge properties if the interpretation relies on the assumption of linear myofilament elasticity.
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We have exemplified these findings here for force-strain and force-stiffness data during shortening at different constant velocities, but such findings may also be of relevance in other cases when muscle mechanical experiments are interpreted on the assumption of linear filament elasticity. This includes the interpretation of effects of inorganic phosphate on muscle force development (15) , the mechanical properties of muscle during lengthening (16, 17) , and the tension response to fast length perturbations (19) .
In view of the difficulty of detecting small nonlinearities in experimental data and because of their potentially significant effects on interpretation of key experimental results, considerable caution appears warranted for undertaking any reevaluations of fundamental mechanisms in muscle contraction that are based on analyses in which linear filament elasticity is a central assumption. Moreover, as shown in Colombini et al. (34) , there may be other complications that give further reason for caution.
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